Background We sought to determine how the individual components of the distal esophagus and proximal stomach form the gastroesophageal junction high-pressure zone (GEJHPZ) antireflux barrier. Methods An endoscopic ultrasound/manometry catheter was pulled through the proximal stomach and distal esophagus in 20 normal subjects. The axial length and width of individual structures on endoscopic ultrasound were measured. The anatomic orientation of gastroesophageal junction (GEJ) components was examined in two organ donor specimens using micro-computed tomography (micro-CT). Key Results The three distinct structures identified within the GEJHPZ, from distal to proximal, were as follows: the gastric clasp and sling muscle fiber complex, crural diaphragm, and lower esophageal circular smooth muscle fibers (LEC). The LEC was statistically significantly thicker than adjacent esophageal muscles. These structures were associated with three pressure peaks. The pressure peak produced by the clasp/sling fiber complex often overlapped with the pressure peak from the crural diaphragm. The most proximal peak, associated with the LEC, was significantly greater and bimodal in nine of 20 subjects. This bimodal LEC pressure peak correlated with two areas of thickened muscle observed with ultrasound. Micro-CT of GEJ from organ donors confirmed the two areas of thickened muscle. Conclusions & Inferences Three distinct anatomic structures, the clasp and sling muscle fibers, crural diaphragm, and LEC combine to form the antireflux barrier of the proximal stomach and distal esophagus. The clasp and sling muscle fibers combine with the crural diaphragm to form a distal pressure profile. The more proximal LEC has a bimodal pressure profile in some patients.
INTRODUCTION
Dysfunction of the gastroesophageal junction highpressure zone (GEJHPZ) leads to gastro-esophageal reflux disease (GERD). Approximately 10-20% of the population in North America and Europe experience weekly symptoms of GERD and this has been increasing over time. 1 GERD's sequelae include Barrett's esophagus with an increased risk for esophageal adenocarcinoma. Previous studies described a high-pressure zone (HPZ) that helps prevent reflux of gastric contents into the esophagus. This includes a skeletal muscle component consisting of the crural diaphragm and overlapping, atropine sensitive smooth muscle components. [2] [3] [4] [5] [6] [7] [8] [9] [10] The wall of the distal esophagus has been documented with endoscopic ultrasound (EUS) to be thicker than wall of the body of the esophagus, indicative of an intrinsic sphincter. 11 In 1979, Liebermann-Meffert et al. characterized the clasp and sling muscle fibers in cadavers. They described the sling muscle fibers on the greater curvature of the stomach and the clasp muscle fibers on the lesser curvature, both found within the gastric cardia. 12 The clasp and sling muscle fibers have been characterized as having an asymmetric distribution and being the major anatomic component within the HPZ. [13] [14] [15] However, this observation is contrary to other findings, suggesting that multiple anatomic regions generating pressures contribute to the HPZ. As such, it is presumed that the clasp and sling muscle fibers contribute to the overall pressure within the HPZ, but are not the sole influence. 14, 16 By measuring endoluminal pressures before and after either atropine or cis-atracurium administration to differentiate between smooth muscle and skeletal muscle components of the HPZ, we previously identified two pressure peaks associated with the smooth muscle, one distal to the crural diaphragm and one proximal to the crural diaphragm. 16 We hypothesized that the distal smooth muscle pressure peak is generated by the clasp and sling fiber complex of the proximal stomach, the skeletal muscle pressure peak is generated by the crural diaphragm, and the more proximal smooth muscle pressure peak is generated by the thickened lower esophageal circular (LEC) smooth muscle fibers. 16 We found a decrease in the distal smooth muscle pressure component in subjects with GERD as compared with normal subjects and concluded that a defect in this clasp/sling muscle fiber complex (the upper gastric sphincter) is related to the development of GERD. 14, 16 The aim of the current study was to expand the knowledge available on the individual anatomic components of the proximal stomach and distal esophagus and how these components combine to form the HPZ antireflux barrier. The defined structures evaluated were the clasp muscle fibers, sling muscle fibers, muscles within the esophagus in the area between the clasp/sling muscle fiber complex and LEC fibers, and the muscle fibers within the mid-esophagus. Endoscopic ultrasound was used in vivo and the relative distances and the muscular thickness of each structure were measured. Pressures were recorded and compared in each of these individual anatomic structures. Lastly, these same structures were identified, and their anatomical relationships measured, in specimens collected from organ donors using ex vivo high-resolution microcomputed tomography (micro-CT) scans.
MATERIALS AND METHODS

IRB approval
Approval for this study was granted by the Institutional Review Board at Temple University Hospital (TUH), and all procedures and study protocol were in accordance with the policies of TUH and the National Institutes of Health (NIH).
Simultaneous endoscopic ultrasound (EUS) and manometry
A total of 20 subjects undergoing endoscopy and EUS for nonesophageal disorders were evaluated, ranging in age from 30 to 76 (mean age ± standard error of mean 52 ± 2.4). There were seven males (age 59 ± 4.2) and 13 females (age 49 ± 2.6). Subjects were excluded from the study if they had a history of esophagitis, heartburn, GERD, regurgitation, hiatal hernia, dysphagia, odynophagia, surgery involving the stomach or esophagus, scleroderma, esophageal dysmotility, achalasia, or current pregnancy. In accordance with policies of TUH and the NIH, all subjects provided informed consent to take part in this study. The indications for EUS were abdominal pain, 2 abnormal imaging, 4 pancreatitis, 3 gastric mass not near the gastroesophageal junction, 6 duodenal mass, 1 pancreatic mass, 3 and pancreatic cyst. 1 The study was performed in a tertiary care setting. Subjects were sedated with midazolam and fentanyl titrated to the subject's anesthesia requirements. The subjects underwent EUS of the esophagus and stomach with an Olympus GF-UE160-AL5 Radial Endoscope (Olympus America Inc., Melville, NY, USA). The endoscope has an ultrasound transducer with a frequency of 7.5-10 MHz. The ultrasound images were recorded at a rate of 30 frames s )1 and the manometry was recorded at 250 Hz with the Kay Elemetrics Digital Swallowing Workstation Version 3.0.1 (Kay-Elemetrics, Lincoln Park, NJ, USA). A pull-through motor was used to pull the EUS endoscope through the proximal stomach and distal esophagus at a rate of 5 mm s
. Pressures were measured with a manometry catheter inserted through the biopsy channel of the EUS endoscope and placed at the level of the ultrasound transducer. A balloon at the end of the EUS endoscope was used to gain acoustic coupling and to compress the manometry catheter against the wall of the esophagus. The axial length of the balloon is 1.5 cm and it was inflated with water ranging from 1 to 2 mL. The balloon increased the measured pressure due to compression against the anatomic structures that generate the pressure. The volume of the balloon was kept constant during each pull-through. Several EUS and pressure readings were recorded simultaneously for each subject; however, data from inadequate pull-throughs or poor ultrasound imaging were not incorporated into the data set.
Distances between structures were calculated using the rate at which the pull-through was performed. These calculations were performed to determine where the structures were positioned in relation to when the right crural diaphragm (RCD) first comes in contact with the esophagus (Fig. 1A ). Distances were calculated for the beginning of the structure on ultrasound imaging, average maximal thickness, and end of the structure on ultrasound imaging. The values collected for each structure were averaged over the 20 patients.
The thickness of structures was obtained by taking measurements on two-dimensional cross-sectional ultrasound images of the inner circular smooth muscle layer for each structure. Each image was calibrated using the range and the ratio of pixels (horizontal to vertical) on the ultrasound image, using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Thickness of the circular smooth muscle layers at different areas was calculated along a radial line from the center of the lumen. The measurements were obtained at the thickest segment on each individual cross-sectional image.
In addition to evaluating the ultrasound images of the individual structures, the pressures generated by the individual structures were evaluated and compared to each other. The relative pressure values between structures were used in this study rather than the absolute pressure values because pressures were increased to a variable extent due to the compression of the balloon against the pressure catheter and the esophageal wall. The distances of peak pressures were measured from the beginning of the upslope of the pressure curve in the cardia during a pull through from the stomach into the esophagus. Skyscan CTVox software was used to create the 3D reconstructions of the 2D ultrasound images.
Statistical analyses of the above data were performed using Student's t-test. A P-value of <0.05 was considered significant. Measurements were reported as the mean ± standard error of the mean.
High-resolution micro-CT scan of the gastroesophageal junction (GEJ)
Two specimens of human stomach and esophagus were obtained from organ procurement agencies (National Disease Research Institute and the International Institutes for the Advancement of Medicine). The first specimen was prepared by filling with molten paraffin, then cooling on ice and fixing the specimen by submersion in 4% paraformaldehyde for 10 days. After fixative wash out using running tap water several hours, the specimen was immersed in a 2% phosphotungstic acid, 0.02% potassium permanganate, 0.1% hematoxylin (PTAH) solution for 48 h. The specimen was removed carefully from the paraffin mold, washed, and then dissected down in size so that a region of 5 cm diameter · 5 cm in height remained that contained the clasp, sling, and LEC together. This block of tissue was placed onto a piece of Styrofoam that was shaped to match the shape of the paraffin wax mold. The second specimen was prepared by cannulating the esophagus with a multi perforated 5 mm diameter tube, filling the stomach with a natural sponge soaked in the HTK transport media and shaped to match the shape of the gastric cardia then perfusing the specimen from the cannulation tube with 6 L of 4% paraformaldehyde over 15 min, immersing the entire specimen. The specimen was then allowed to immersion fix for 10 days, washed extensively with tap water, immersed in PTAH for 48 h, washed and processed as described above. The tissue blocks with the Styrofoam 'mount' were wrapped several times in Parafilm, with pieces of damp Kimwipe included at the bottom of this wrapped tissue block, to maintain constant moisture within the sample during the subsequent scans.
For the micro-CT, a SkyScan 1172 high-resolution cone-beam micro-CT scanner (SkyScan, Ltd, Kontich, Belgium), with a Hamamatsu C9300 11Mp camera, was used to scan the specimens The wavy nature of the mucosal surface and artifacts passing through the entire coronal plane may be due to pulsations from the heart and aorta which were transmitted to the esophagus and the endoscope during image acquisition. (B) The entire 3-D reconstruction is shown before a cutting box was used as a virtual dissection tool. The column that extends through the image is the endoscope. Virtual dissection was performed to the level of the endoscope, so internal structures could be seen. The hypoechoic area, signified by black, surrounding the endoscope is the balloon on the endoscope. The pressure profile obtained from the manometry catheter is also shown in this image. (C) The cutting box is shown as it virtually dissects the 3-D reconstructed image to the clasp and sling fibers. The cutting box allows for structures to be visualized in the coronal and axial planes.
(D) The progression of the cutting box is shown as it moves from the stomach toward the mid-esophagus. During this progression. the right crural diaphragm (RCD) is visualized. (E) The lower esophageal circular muscle fibers, both in the coronal and axial planes can be visualized. The cutting box also shows the aorta posterior to the esophagus.
using the double-side and oversize sample options. The following settings were used: a camera pixel size of 8.76 lm, an image pixel size of 11.89 lm, voltage of 80 kV, current of 124 lA, aluminum 0.5 mm and copper filters, rotation step of 0.50°, 180 degrees of rotation, a frame averaging of 8; 1335 rows, 3872 columns, and a scan duration of 3 h and 45 min. The image slices were reconstructed using cone-beam reconstruction software (SkyScan NRecon) based on the Feldkamp algorithm, on three linked servers, a process that yielded 3492 tomographic sections, each with a thickness of 11.89 lm in the axial (transverse) plane, for each sample. A ring artifact correction of 10, and a beam hardening correction of 40% was applied to both samples. Three-dimensional (3D) image constructs were made using 3D imaging software (SkyScan CTVox, Fig. 4 ). Virtual dissection of these 3D constructs was performed to image the clasp and sling fibers of the stomach (see Fig. 4A ), using sphere-shaped and cylinder-shaped virtual 'cutting boxes'. Next, using the Skyscan CT Analyzer software (CTAn), the portion of the esophagus that stretched from the cardiac notch cephalad for 35 mm was virtually divided into 22 different regions. Each selected region was 10 slices in height (118.9 lm or 0.01 mm), and separated from the next region by 1.5 mm. Examples of these virtual dissections are shown in Fig. 4B . In each of the 22 regions, the circular smooth muscle layer of the esophagus was segmented out (delineated) from the other layers using a region of interest tool that is part of the CTAn software (see Fig. 4C ), binarized, and saved separately as 22 different volumes of interest. The mean cross-sectional thickness of the circular smooth muscle was then calculated (in mm) for each of the 22 volumes of interest, and plotted with distance from the cardiac notch as the X-axis.
RESULTS
Anatomy of the clasp, sling, and LEC fibers using simultaneous EUS and manometry When imaged in cross-section, an asymmetric thickening in the area of the cardia is evident on the greater curvature of the stomach. These muscle fibers are defined as sling fibers (Fig. 1A) . The clasp muscle fibers appear as a thinner group of muscle fibers on the lesser curvature side of the stomach, which bridge and connect the two arms of the sling fibers. In addition, the crural diaphragm can be clearly demonstrated on EUS as two distinct muscle bands compressing the esophageal wall (Fig. 1A) .
In 10 of the 20 subjects, the RCD was the first portion of the crural diaphragm to compress the esophagus. In two subjects, the left crural diaphragm was the first portion of the crural diaphragm to compress the esophagus. In eight subjects, the right and left crus appeared to compress the esophagus at the same location. The beginning of the clasp and sling muscle fibers first appears at a distance of 13.8 ± 2.4 mm distal to the distal most point at which the RCD contacts the esophagus. The average maximal thickness of the clasp and sling muscle fibers appears at a distance of 3.4 ± 2.8 mm distal from the distal contact between the RCD and the esophagus. The proximal end of the clasp and sling muscle fibers appears at a distance of 16.8 ± 2.4 mm proximal to the distal most point of contact of the RCD with the esophagus. The average axial length of the clasp and sling muscle fibers in the longitudinal axis is 30.3 ± 3.0 mm (Fig. 2A) (Fig. 2A) .
Results of the average maximum thickness of the different muscle fibers are shown in Fig. 2B . The sling and LEC fibers are statistically significantly thicker than the other three muscle groups (P < 0.01). The clasp fibers are statistically significantly thicker than the esophageal wall in the area between the clasp and sling muscle fiber complex (P < 0.05).
Comparison of peak pressures using simultaneous EUS and manometry
There are three pressure peaks (Fig. 3) . The distal pressure peak is generated by the clasp/sling muscle complex, the middle peak is due to the crural diaphragm, and the proximal peak is due to the LEC muscle fibers. The pressure generated by the LEC has a distinct bimodal contour in 9/20 subjects (Fig. 3A) . The average peak pressures were 19.1 ± 4.2 mmHg for the clasp/sling fiber complex, 23.3 ± 5.6 for the crural diaphragm, and 53.0 ± 7.1 for the LEC. The peak pressure at the LEC muscle fibers is statistically significantly greater than at the either the crural diaphragm or the clasp/sling fiber complex (P < 0.001, ANOVA with Student-Newman-Keuls post hoc tests).
The ultrasound images were imported into the SkyScan CTVox software so that three dimensional reconstructions of the ultrasound images in the area of the LEC could be used to demonstrate that there are two areas of thickened muscle within the LEC in nine subjects (Fig. 1B-E) . The remaining 11 subjects showed a single pressure peak at LEC. Patients showing two pressure peaks at the LEC are statistically significantly older than patients with only one pressure peak (59 ± 3.3 vs 47 ± 2.3 years). There is no relationship between the clinical indication for ultrasonography and whether one or two pressure peaks at the LEC were observed. Representative pressure traces for both these patterns are shown in Fig. 3 . The SkyScan CTVox software cutting box tools were used to virtually dissect the three-dimensional reconstructions. A video of this virtual dissection in AVI format is available as video S1 on the journal web site.
Anatomical relationships revealed by micro-CT
Virtual dissection of the micro-CT images reveals that the anatomical relationships of the GEJ muscle groups are consistent with the anatomy of the clasp and sling muscle fiber complex determined by EUS and manometry. The sling fibers are visualized as a band of thickened muscle on the greater curvature side of the stomach surrounding the distal esophagus in a sling like fashion (Fig. 4A) . When imaged in cross-section, the sling fibers are thicker on the greater curvature side of the stomach and thin toward the lesser curvature side of the stomach. The clasp fibers appear as a thinner group of muscles that bridge and connect the two arms of the sling fibers. As seen on cross-sectional images, this appears as a thinner portion of muscle within the cardia on the lesser curvature side of the stomach. 
DISCUSSION
In the current study, we show the various anatomic structures, their configurations, sizes, and relative locations within the GEJHPZ. We also show the pressure changes that these anatomic structures generate using EUS, combined with manometry.
This study differs from our prior reports in a number of important ways. Firstly, regarding the methodology, the ultrasound transducer that was used in the current study was a 7-10 mHz ultrasound scope. The transducers used in our previous studies were 20 mHz ultrasound probes. The lower frequency increased the penetration of the ultrasound waves. An increase in the size of the aperture greatly increased the resolution of the ultrasound image. This increase in penetration and resolution made it easier to see the beginning and the end of the crural diaphragm on both the left and the right side. This also made it possible to image the clasp and sling muscle fibers that were not previously imaged using the probe system. In the previous studies, the clasp and sling muscle fibers were implied by the pressure profile that they generated. Secondly, the use of the balloon around the ultrasound transducer made it possible to image the clasp and sling fibers directly by providing reliable acoustic coupling of the ultrasound scope to the wall of the esophagus. In addition, the balloon acted as a bolus, allowing clear demarcation of the pressure profile from the various structures. The balloon prevented air from interfering with acoustic coupling by providing a fluid-filled medium for conduction of the ultrasound waves. These refinements allowed us for the first time to make precise measurements of the thickness of the clasp and sling muscle fibers, the crural diaphragm and the LEC in vivo.
We found that the most distal muscle group of the HPZ, located within the cardia of the stomach, represents the gastric clasp and sling muscle fiber complex. The second more proximal HPZ component represents the pressure profile generated by the crural diaphragm. This component was visualized using EUS, but not on the micro-CT scan because the crural diaphragm was dissected off during removal of the stomach and the esophagus from the body. The most proximal HPZ component represents the LEC on EUS. This muscle group appears as a thickened circumferential band of muscle on EUS, above the crural diaphragm and generates a high pressure on manometry. The LEC is clearly demonstrated at a separate location from both the clasp/sling muscle fiber complex and the crural diaphragm. In nine of the 20 subjects, this muscle group generated a bimodal pressure peak which correlated with two areas of thickened muscle within the LEC. It is likely that the distention generated by the balloon allowed us to demonstrate the bimodal pressure peaks within the LEC, which has not previously been described. In the other 11 subjects, there was a single peak that correlated with a single area of thickened muscle within the LEC.
The micro-CT data presented are completely new and unique. This technology allows virtual dissection in any plane and at any angle desired producing a superior description of the area of the GEJHPZ than was ever before possible using physical dissection of the area. During actual dissection, once the tissue is cut, it is destroyed, and there is no way to go back and cut it again. With virtual dissection, we are able to cut the tissue, evaluate it, and then recut the tissue as many times as necessary, without destroying the tissue. The sling muscle fiber group appears as a thickened band of muscle within the cardia of the stomach draping over the greater curvature of the stomach much like a sling. The clasp muscle fibers appear as a thinner more diffuse muscle group on the lesser curvature side of the stomach connecting both sides of the sling muscle, pulling (clasping) the two Figure 5 Plot of the thickness of the circular smooth muscle layer determined by lCT as illustrated in Fig. 4B . The circular smooth muscle layer is thickest near the cardiac notch (clasp and sling fibers) and decreases to a minimum between 10 and 25 mm from the cardiac notch then increases coincident with the lower esophageal circular smooth muscle sphincter.
sides of the sling muscle together. The micro-CT scan images are consistent with high-resolution ultrasound images in the 20 subjects included in the EUS imaging study. Simultaneous ultrasound and manometry was used to demonstrate pressure profiles generated by the components of the GEJHPZ.
The normal physiology of the GEJ is not only important to understand in and of itself but also because of the implications that it has on understanding GERD. 2, 14 At the GEJ, a number of structures contribute to the HPZ. There are several theories regarding these structures and their contributions to the HPZ. One theory is that the clasp and sling muscle fiber complex, in conjunction with the crural diaphragm, prevent the reflux of gastric contents into the esophagus. 13, 15, 17 Another theory is that the intrinsic circular smooth muscle of the LEC and the crural diaphragm skeletal muscle prevent reflux. 4, 6, 8, 9 These two theories were considered mutually exclusive until we showed three distinct areas of high pressure within the HPZ, and proposed that these three pressure peaks correspond to the gastric clasp and sling muscle fiber complex, the crural diaphragm, and the LEC. 16 These findings and the findings in the current study indicate that the HPZ of the distal esophagus actually consists of a combination of the components represented in the two previous theories. The sling muscle fiber group appears as a thickened band of muscle within the cardia of the stomach draping over the greater curvature of the stomach much like a sling. The clasp muscle fibers appear as a thinner more diffuse muscle group on the lesser curvature side of the stomach connecting both sides of the sling muscle, apparently pulling (clasping) the two sides of the sling muscle together. The micro-CT scan images are consistent with high-resolution ultrasound images in the 20 subjects included in the EUS imaging study. Simultaneous ultrasound and manometry was used to demonstrate pressure profiles generated by the components of the GEJHPZ. The second more proximal HPZ component represents the pressure profile generated by the crural diaphragm. This component was visualized using EUS, but not on the micro-CT scan because the crural diaphragm was dissected off during removal of the stomach and the esophagus from the body.
McCray et al., demonstrated that the LEC and crural diaphragm are 8.3 ± 5.9 mm apart during maximal end inspiration. These findings, that the LEC and crural diaphragm are two distinct structural entities, are also consistent with our current data. 18 The average maximal thicknesses of the structures were measured to better understand the anatomy and their relationship with each other. The sling muscle fiber thickness is statistically significantly greater than the thickness of the muscle within the esophageal wall between the clasp and sling muscle fiber complex and the LEC. The sling muscle fiber thickness is also statistically significantly greater than the muscle within the wall of the mid-esophagus. Furthermore, the average maximal sling muscle fiber thickness is statistically significantly less than the LEC. We also demonstrated that the thickness of the LEC is greater than the adjacent muscle within the wall of the mid-esophagus. Again, this highlights the LEC as a distinct anatomical and physiological site within the HPZ. The pressure profiles also support our earlier findings of distinct and separate areas of high pressure within the HPZ, areas that also correspond to distinct and separate anatomic structures as determined by EUS imaging. 16 The thickness of the circular muscle within the esophageal wall in the area between the clasp and sling muscle fiber complex and the LEC is statistically significantly less than the thickness of the LEC, even in the area above the crural diaphragm where the diaphragm does not compress the wall of the esophagus. This is a new finding. The pressure between the crural diaphragm and the LEC was relatively low, suggesting that the intrinsic smooth muscle in the wall of the esophagus at this area does not act as a sphincter and does not contribute directly to the antireflux barrier of the HPZ. Compression from the crural diaphragm increases the luminal pressure generated in this area and appears to be the only pressuregenerating structure at this location.
As already mentioned, the balloon around the ultrasound transducer artificially increases the pressure from the pressure-generating structures within the HPZ. The esophageal wall was somewhat distended by the balloon and we were able to detect the pressure generated by the individual structures within the HPZ that may not have been obvious without the use of the balloon or may have required the use of pharmacologic agents to separate the pressure profiles, as in our prior studies. However, the thickness of the intrinsic structures within the wall of the esophagus may have been slightly distorted. Nevertheless, the balloon was kept at the same volume for each individual subject. Therefore, the relative thicknesses of these structures are still accurately represented. The water-distended balloon was necessary for acoustic coupling in many of the subjects. Without balloon distension, image quality suffered such that the ultrasound measurements could not be taken.
In conclusion, there are three separate and distinct anatomic regions that contribute to the HPZ within the distal esophagus: the clasp and sling muscle fiber complex at the gastric cardia, the crural diaphragm, and the LEC. There is a distinct increase in the thickness and pressure at the LEC that does not overlap the crural diaphragm. The LEC consists of thickened muscle, which often generates a bimodal pressure peak. In addition, the LEC generates the greatest pressure of all of the individual HPZ components. 16 In the future, we plan to apply the methods used in this study to evaluate subjects with GERD and hiatal hernia.
